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Two different Paul-type quadrupole ion traps were equipped with pulsed-valve gas inlets. 
The duration of a gas pulse inside the trap is variable, and pulses as short as 50 ms (FWHH) 
have been measured, allowing the use of several gas pulses during one experiment. The 
benefits of pulsed valves are outlined and demonstrated for chemical ionization experiments 
and for the use of selective ion-molecule reactions in structure determination of ions and 
neutral molecules. (J Am Sot Muss Specfrom 1990, 1, 308-311) 
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unique capabilities that are characteristic of 
trapped-ion mass spectrometry [l] include the 
ability to carry out multiple-stage experiments in- 
volving consecutive dissociation and/or ion-molecule 
reactions [2]. Endothermic and exothermic reactions 
can be studied, and the dependence of reactions on 
pressure, time, and energy can readily be investigated 
[l, 31. These features allow detailed studies of struc- 
tures, reactions, and thermochemistry of many ionic 
and neutral gas-phase species, including those that are 
difficult or impossible to study in solution owing to 
theti high reactivity. 
Tandem mass spectrometry (MS/MS) experiments 
carried out in ion-trapping devices are pulsed in na- 
ture. In these single-region mass spectrometers, ion- 
ization, mass selection, reactions, and mass analysis 
occur in the same space and are separated in time, in 
contrast to the spatial separation employed in conven- 
tional mass spectrometers. Unwanted ions can usu- 
ally be removed from the reaction region by apply- 
ing appropriate voltage pulses to the trap. However, 
the same does not apply to neutral molecules. It fol- 
lows that interfering reactions are not uncommon in 
trapped-ion mass spectrometry; for example, mass- 
selected ions may react faster with their neutral pre- 
cursors than with the desired neutral reagents. 
Pulsed-valve sample introduction was first intro- 
duced [4] for ion cyclotron resonance (ICR) traps to 
allow time resolution for neutral reagents. This allowed 
many chemical reactions requiring high pressure to 
be carried out while satisfying the high-vacuum re- 
quirement (<lo-’ torr) for analysis of ions present in 
the trap. We report here the application of pulsed- 
valve technology for a quite different ion-trapping de- 
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vice, the Paul-type quadrupole ion trap. In this device, 
ions are stored in a three-dimensional quadrupole field 
formed between three electrodes with hyperbolic inner 
surfaces [5]. In contrast to the ICR technique, which 
uses a stationary electric field and a strong magnetic 
field to trap the ions, quadrupole ion traps use purely 
eIectrostatic confinement of ions. Quadrupole ion traps 
can operate [6] under significantly higher pressures 
(up to lop3 torr) than ICR instruments, and the use of 
relatively high pressures of reagent gases is therefore 
not a problem. However, we will demonstrate here 
that pulsed-valve reagent introduction provides a sim- 
ple means to enhance control over the reactions occur- 
ring in the trap. This is especially important for those 
quadrupole ion traps that do not have the capabilities 
necessary for single-ion isolation. 
Experimental 
Two different quadrupole ion traps were employed in 
this study, a Finnigan ion trap detector with modified 
[7] sample inlet system, and a prototype Finnigan ion 
trap mass spectrometer (ITMS) [S]. These instruments 
are pumped with a 50 L/s and a 170 L/s turbomolecular 
pump, respectively, and the base pressure in both de- 
vices is in the low 1O-7 torr range. A modified version 
of the commercial software was used in both instru- 
ments [7, 81. Ions were generated by electron ioniza- 
tion (EI) (typically for 1 ms). The sequence of radio- 
frequency (rf) and direct current (dc) voltages used in 
the experiments described here are shown in Figure 
1 for the lTMS; the same pulse sequence applies to 
the ion trap detector except that no dc voltages are 
used in this device. Typically, the ion isolation time 
was 4-7 ms, and the reaction time was varied from 0 to 
1600 ms. The amplitude of the rf voltage applied at 1.1 
MHz to the ring electrode determines the mass range 
of the ions trapped. Single-ion isolation and collision- 
activated dissociation (CAD) experiments can be car- 
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Figure 1. The sequence of radio-frequency (rf) and direct current 
(dc) voltages used in the quadrupole ion traps to generate ions 
(ionization), mass select the ion of interest (ion isolation), store 
the ionic products formed during ion-molecule reactions (reac- 
tion time), and analyze the ionic products (analysis). A typical 
EI time was 0.5 ms and ion isolation time 4-7 ms; fhe reaction 
time was varied from 0 to 1600 ms. The arrows indicate the times 
when the pulsed valve was opened in different experiments. 
ried out by using the ITMS [B]. Single-ion isolation is 
accomplished by raising the rf voltage level (i.e., by 
raising the 9 value) and then applying an appropriate 
dc voltage to the ring electrode (time interval typically 
7 ms). In the ion trap detector, only the ion(s) with the 
highest mass-to-charge (m/z) ratio in the trap in each 
experiment can be cleanly mass-selected. This is car- 
ried out by raising the rf level to eliminate ail lighter 
ions from the trap by using an rf ramp only [7]. Prior to 
the reaction period, the rf level is lowered in both in- 
struments in order to trap all product ions formed. Af- 
ter the reaction period, the ionic products are ejected 
from the ion traps by using mass-selective instability, 
controlled by ramping the amplitude of the rf voltage, 
and detected with an external electron multiplier. 
A General Valve Corporation Series 9 pulsed valve 
[4] was installed in both quadrupole ion traps. A com- 
mercial high-voltage power supply and a driver unit 
(IOTA 1, General Valve Corporation) were used to op- 
erate the pulsed valves. Materials inside the valve are 
Teflon and stainless steel. The exit orifice of the valves 
used is 0.006 in. in diameter. The duration of the open 
period is from 160 ps to an indefinitely long time. The 
gas exits the valve into l/lb-in. stainless steel tubing 
(~3 cm), connected via a swagelock adapter and l/4- 
in. tubing to the vacuum manifold of the ion traps. Gas 
flow was directed axially into the ion trap detector and 
equatorially into the ITMS. A trigger pulse initiated by 
the ion trap software was used to control the pulsing 
rate. Except for a pulse-conditioning circuit between 
the trigger output and the power supply input, no in- 
strumental modifications were necessary. The ion trap 
software was modified to allow pulsing of the valve at 
different times during the experiment. Arrows in Fig- 
ure 1 indicate the times selected for the present work: 
the gas pulse was initiated either at the beginning of 
the pre-ion time (a time interval prior to ionization 
time) or at the beginning of the reaction time. It is 
useful to have a relatively long delay between scans 
for complete pumpout of the pulsed gas (1100 ms). 
The samples were obtained commercially. Unless 
otherwise specified, they were introduced into the 
vacuum manifold of the ion traps through Granville- 
Phillips leak valves at a nominal pressure of (l-5)x 1O-6 
torr, as measured with an ionization gauge in the vac- 
uum manifold. The nominal pressure of the helium 
buffer gas was 1~10~~ torr. Experiments carried out 
without the helium buffer gas yielded results similar 
to those obtained with the buffer gas. 
Results and Discussion 
For the configurations studied, the pulsed gas enters 
the trap within a few milliseconds after the valve is 
opened. In the absence of helium buffer gas, the peak 
pressure in the trap was in the 10e7 torr range, and 
this was reached when the valve had been open for 
150-300 ps. The inlet pressure to the valve was 200 
mtorr. The duration of a typical gas pulse inside the 
trap was measured for two different gases, isobutane 
and air, with and without the helium buffer gas. This 
was carried out by monitoring the ion intensities gener- 
ated by EI of the gases at variable delay times after the 
gas pulse, with all other variables remaining constant. 
Figure 2 shows the concentration of N2 pulsed into the 
ion trap detector (no helium buffer gas) and measured 
as N2+ as a function of time. The shape of the gas 
pulse resembles that obtained earlier for ICR traps but 
appears to be somewhat narrower [4]. The pulse width 
depends on the exact location of the valve. Shortening 
the connecting stainless steel tube from about 25 cm to 
2.5 cm decreased the pulse width (FWHH) from over 
100 ms to less than 50 ms for the ion trap detector. The 
use of helium buffer gas did not appear to affect the 
pulse width. 
Np pulse 
width 
Figure 2. The variation of the N2 + signal intensity in the ion trap 
detector as a function of time from opening the pulsed valve to 
introduce Nz. No helium buffer gas was used for this experiment. 
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tive ion-molecule reactions provides another exam- 
ple where pulsed gas introduction is advantageous. 
An interesting reaction reported recently [9] involves 
formal transfer of acetylene from ethyl vinyl ether 
to protonated analyte if the analyte contains a /3- 
hydroxycarbonyl functionality. In the present study, 
the ion trap detector was used to examine the reac- 
tion of protonated 4-hydroxy-3-methyl-2-butanone (an- 
alyte) with ethyl vinyl ether. When constant pres- 
sures of the analyte and the reagent ethyl vinyl ether 
were employed, protonated ethyl vinyl ether (m/z 73) 
and its reaction products (mainly ethylated ethyl vinyl 
ether [lo], m/z 101) dominated the product distribu- 
tion. Because of its high basicity [ll], ethyl vinyl ether 
readily deprotonates all ions (including the protonated 
analyte) formed during and after EI of the mixture of 
ethyl vinyl ether and 4-hydroxy-3-methyl-2-butanone. 
By protonating the /3-hydroxycarbonyl compound first 
(m/z 103; Figure 4a), and later pulsing ethyl vinyl 
ether into the trap (Figure 4b), it was possible to iden- 
tify unambiguously the product ions resulting from 
reactions of the protonated analyte with ethyl vinyl 
ether. These are protonated ethyl vinyl ether (m/z 
73) and vinylated 4-hydroxy-3-methyl-2-butane (m/z 
129). The ion of m/z 129 indicates the presence of p- 
hydroxycarbonyl in the analyte. 
In the examples discussed above, the use of pulsed 
valves allowed generation of a Cl reagent without in- 
terference from the analyte, and ionization of the an- 
alyte without interference from the neutral reagent 
needed later in the experiment. Both experiments were 
carried out in an instrument that does not have single- 
ion isolation capabilities. While these two experiments 
could be accomplished without using pulsed valves in 
an instrument that allows single-ion isolation, this is 
not true in cases where the ions of interest rapidly 
(b) 
Figure 3. Isobutane Cl of ethyl vinyl ether in the ion trap de- 
tector. (a) Constant pressures of the isobutane reagent gas and 
ethyl vinyl ether result in abundant tert-butyl cation (m/z 57), 
protonated ethyl vinyl ether (m/z 73), and ethyl vinyl ether rad- 
ical cation (m/z 72). (b) Fixed pressure of isobutane with pulsed 
introduction of ethyl vinyl ether. Isobutane was ionized during 
the ionization time to give tert-butyl cation (m/z 57). Ethyl vinyl 
ether was introduced into the trap at the beginning of the reac- 
tion time. 
The shortest pulse width accessible (~50 ms 
FWHH) is quite narrow compared to the duration 
of the entire scan sequence of the ion trap (typically 
500-1500 ms). Therefore, it is possible to use several 
gas pulses during different stages of a single exper- 
iment. Moreover, it is feasible to have a pulse repe- 
tition rate of 100 ms with complete clearing of prior 
gases and without buildup of pressure in the trap. By 
placing the valve in a gas line between the trap and a 
metering valve, it was possible to use the line either for 
pulsed operation or for stationary pressure operation 
and rapidly switch between these two modes. 
The use of pulsed reagent and/or sample intro- 
duction offers a valuable means to enhance control 
over chemical ionization (Cl) experiments. Figure 3 
shows two different experiments carried out to proto- 
nate ethyl vinyl ether by using isobutane reagent gas 
in the ion trap detector. For Figure 3a, constant pres- 
sures of isobutane and ethyl vinyl ether were used 
throughout the entire experiment. Some protonation 
of ethyl vinyl ether occurs to yield ions of m/z 73. 
However, the molecular ion of ethyl vinyl ether (m/z 
72) is also rapidly formed. This results at least par- 
tially from direct EI of ethyl vinyl ether and is difficult 
to avoid without using an extremely low partial pres- 
sure of the sample. For the spectrum shown in Figure 
3b, ethyl vinyl ether was pulsed in the trap after gen- 
eration of tert-butyl cation (m/z 57) by EI of isobutane. 
Clean and quantitative proton&ion of ethyl vinyl ether 
is achieved. No interference from radical cation chem- 
istry is indicated in this experiment. 
Examination of the presence of specific func- 
tional groups in sample molecules by using selec- 
I” ,.., IlO 1 1So 1 rivz 
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Figure 4. Identification of a specific arrangement of functional 
groups in an ionized analyte by a selective ion-molecule reaction 
in the ion trap detector. (a) Self-C1 of the analyte, 4-hydroxy-3- 
methyl-Z-butanone (MW 102) (100 ms reaction time). The ion of 
m/z 85 is the dehydration product of the protonated analyte; the 
ion of m/z 117 arises from an impurity in the sample. (b) The 
same experiment as in (a) except that ethyl vinyl ether reagent 
was pulsed into the trap at the beginning of the reaction time. 
Addition of acetylene to the protonated analyte (to give m/z 129) 
indicates the presence of the P-hydroxycarbonyl functionality. 
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Figure 5. Location of carbon-carbon double bonds in long-chain 
alkenes by selective ion-molecule reactions in the ITMS. (a) Con- 
stant pressures of the analyte 7_-hexene and the reagent gas 4 
nonene were employed. After EI, the molecular ion of 4-nonene 
(m/z 126) was isolated, and it reacted with the two alkenes 
present in the trap. Ionized Cnonene reacts with neutral 4 
nonene to give the ions of m/z 182,196, and 210 and with neutral 
Zhexene to give the ions of m/z 140, 154, and 168. (b) Con- 
stant Pressure of the analyte was used. 4Nonene was pulsed 
into the trap before the ionization time, and the molecular ion 
of Cnonene was generated. Neutral Cnonene was then pumped 
from the trap, and ionized 4nonene was isolated and allowed 
to react with the analyte. The product ion peaks at m/z values 
140, 154, and 168 indicate that the analyte is 2-hexene. No ma- 
jor products were formed in either experiment outside the mass 
range shown. 
be especially valuable for those trapped-ion devices 
that do not have the capabilities necessary for single- 
ion selection. The pulsed gas inlet methodology (1) 
provides a greater selection of reactant ions for CI ex- 
periments, (2) allows studies of ions that rapidly react 
with their neutral precursors, and (3) facilitates stud- 
ies concerning mechanisms of ion-molecule reactions. 
Furthermore, the ability to rapidly change the type 
of neutral molecules in the trap allows practically si- 
multaneous measurement of CI spectra using dJffer- 
ent reagent gases and the examination of CAD at the 
same time as ion-molecule reactions. Finally, CAD ex- 
periments are likely to greatly benefit from the use 
of pulsed gas introduction. Not only will pulsed col- 
lision gas introduction allow the use of target gases 
other than the helium buffer gas without compromis- 
ing the overall performance of quadrupole traps, but 
also pulsed sample introduction will prevent problems 
caused by interfering ion-molecule reactions, such as 
disappearance of CAD products through ion-molecule 
reactions with the neutral sample molecules. 
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